Sylvatic dengue viruses (DENV) are transmitted in an enzootic cycle between nonhuman primates and arboreal Aedes mosquitoes in Southeast Asia and West Africa. Although previous analyses have revealed the evolutionary processes among endemic (human) DENV, little is known about viral evolution in the sylvatic cycle. Through an analysis of 14 complete coding regions of sylvatic Dengue type 2 virus sampled over a 33-year period, we show that both the rate of evolutionary change and the pattern of natural selection are similar among endemic and sylvatic DENV, although the latter have a uniquely high frequency of positive selection in the NS4B protein gene. Our findings support a recent cross-species transmission event and suggest the possibility of future DENV reemergence from the sylvatic cycle.
Dengue is an emerging disease that has spread widely in tropical and subtropical regions due to recent changes in human ecology. The causative positive-sense RNA viruses (dengue viruses [DENV] ) are classified within the family Flaviviridae, genus Flavivirus, and comprise four serotypes (DENV type 1 [DENV-1] to DENV-4) that exhibit complex immunological interactions (1) . The epidemiology of DENV involves both a sylvatic enzootic cycle, most likely among nonhuman primates and arboreal Aedes sp. mosquitoes, and an endemic cycle involving humans and the domestic mosquito Aedes aegypti (2, 3, 19) . Sylvatic cycles of DENV have been demonstrated in Asia, where serologic and virus isolation data suggest an association between Macaca and Presbytis monkeys and zoonotic DENV-1, -2, and -4, with Aedes niveus mosquitoes as the primary vectors (18) . Sylvatic DENV cycles have also been documented in West Africa, where only DENV-2 has been found to circulate among Erythrocebus patas monkeys and various sylvatic Aedes species, including Aedes taylori, Aedes furcifer, and Aedes luteocephalus (4, 5, 16, 20) . Although many DENV strains isolated in Africa can be genetically defined as sylvatic (15, 16, 26) , some were in reality isolated from humans who contacted sylvatic cycles in eastern Senegal (20, 29) . Conversely, other viruses from Somalia and Burkina Faso have been classified genetically as endemic (25) .
Although phylogenetic analyses suggest that endemic DENV strains have their ancestry in the sylvatic viruses (26) , little is known about the evolutionary processes that characterize sylvatic DENV. However, revealing the extent and structure of the genetic diversity of sylvatic DENV is central to understanding how this virus crossed species barriers and emerged in humans. In particular, it is not clear whether sylvatic DENV evolve more slowly in their reservoir hosts than endemic isolates in humans because of a lower rate of replication, a decreased intensity of transmission, or greater purifying selection against amino acid change in viruses that may have reached a fitness peak. Recent experimental evidence suggests that the emergence of endemic DENV-2 from sylvatic progenitors may not have required adaptation in order to replicate efficiently in humans, implying that the potential of sylvatic DENV-2 to reemerge is high (25) . Conversely, although the transmission of sylvatic DENV-2 to humans has been documented (20, 29) , there is no evidence that these sylvatic genotypes are involved in outbreaks of epidemic dengue, probably due to their confinement to forest habitats (5) .
Phylogenetic analysis provides a powerful means to reveal the rates of evolutionary change, the times of viral origin, and the nature of selection pressures acting across the DENV genome. Previous estimates of the rate of nucleotide substitution and age of genetic diversity in endemic DENV have been generally consistent; the four DENV serotypes have a mean evolutionary rate of ϳ10 Ϫ3 nucleotide substitutions per site per year (7, 9, 10, 12, 23, 30) , and the genetic diversity within each serotype dates to ϳ100 to 300 years ago (23, (26) (27) (28) . These dates likely correspond either to the time of crossspecies transmission from nonhuman primates to humans or to the emergence of Aedes aegypti as the principal vector for DENV transmission in humans. Evolutionary analyses have also revealed that the major selective pressure acting on the endemic DENV genomes is purifying (negative) selection, reflected in a low ratio of nonsynonymous (d N ) to synonymous (d S ) substitutions per nucleotide site (d N /d S Ͻ Ͻ 1), with only sporadic occurrences of positive selection (8, 24) . Our determination of the complete genomic sequences of sylvatic DENV-2 isolates allows a detailed analysis of the patterns and process of evolution in these viruses for the first time.
We sequenced 14 complete open reading frames of sylvatic DENV-2 isolates sampled over a 33-year period from 1966 to 1999 (Table 1 ). Viral RNA was extracted using the QIAamp viral RNA minikit (QIAGEN), overlapping PCR amplicons spanning the entire length of the genome were purified from 1% agarose gels, and both strands were sequenced directly using ABI protocols with both the PCR and internal primers to derive a consensus sequence. A phylogenetic tree including 54 endemic isolates of DENV-2 and three representatives each of DENV-1 (including sylvatic isolate P72-1244), DENV-3 (sylvatic DENV-3 have not been isolated to date but are believed to exist in Malaysia based on the seroconversion of sentinel monkeys [17] ), and DENV-4 (including sylvatic isolate P75-215) (total data set, 77 isolates, 10,185 nucleotides in length) was inferred using the maximum likelihood (ML) method available in the PAUP* package (22) , employing the best-fit general time-reversible (GTR) ϩ I ϩ ⌫ 4 model of nucleotide substitution as determined by MODELTEST (14) (Fig. 1) . To assess the reliability of major groupings, a neighbor-joining bootstrap analysis (1,000 replications) was used with the ML substitution model. The rates of nucleotide substitution, model of population growth, and age of the most recent common ancestor (MRCA) of the 14 sylvatic isolates were estimated using a Bayesian Markov chain Monte Carlo method as implemented in the BEAST program (http://beast.bio.ed.ac.uk/) (6) . Two models of demographic history were compared: (i) constant population size and (ii) exponential population growth. To account for any differences in substitution rates among lineages, we employed both strict and relaxed (uncorrelated exponential) molecular clocks. All analyses were run again using the GTR ϩ I ϩ ⌫ 4 substitution model. Akaike's information criterion was used to determine which model best fit the data in hand, with uncertainty in parameter estimates (taken over millions of sampled trees) reflected in the 95% highest probability density (HPD) values, and all chains were run for a sufficient time to ensure convergence.
To determine the gene-and site-specific selection pressures acting on sylvatic DENV, we estimated d N /d S using two likelihood procedures available in the HYPHY package and accessed through the Datamonkey facility (11): the single-likelihood ancestor counting (SLAC) method and the more powerful random-effects (REL) methods, both incorporating the GTR model of nucleotide substitution, with phylogenetic trees inferred using the neighbor-joining method.
Due to the small sample of sylvatic DENV sequences, we estimated evolutionary rates for the entire coding region rather than for individual genes. For these data, a model of constant population size was best-fit to the data. The mean evolutionary rates estimated ranged from 0.374 ϫ 10 Ϫ3 substitutions per site per year (95% HPD, 0.178 ϫ 10 Ϫ3 to 0.550 ϫ 10 Ϫ3 substitutions/site/year) for the strict molecular clock to 2.350 ϫ 10
Ϫ3
substitutions/site/year (95% HPD, 0.752 ϫ 10 Ϫ3 to 4.038 ϫ 10 Ϫ3 substitutions/site/year) for the relaxed molecular clock. Since these rates varied considerably, evidently as a function of sample size, we suggest that the true rate lies between these estimates. More notably, the rates obtained were within the range of those previously estimated for endemic DENV-2 strains (isolated from humans and Aedes aegypti) (7, 23, 30) . Hence, this analysis suggests that sylvatic DENV strains do not evolve more slowly than endemic strains. Further evidence that this is the case is that the branch lengths of evolutionary trees are similar among endemic and sylvatic strains in large-scale phylogenetic analyses (Fig. 1) .
We were also able to estimate the time of the MRCA of the sylvatic DENV-2 isolates studied. Using our Bayesian Markov chain Monte Carlo procedure, the MRCA of the sylvatic DENV-2 strains sampled existed between 385 years ago (95% HPD, 214 to 612 years) assuming a strict clock and 72 years ago (95% HPD, 39 to 126 years) allowing for a relaxed clock. Despite this variation, the time scale of evolution for sylvatic DENV-2 is similar to that for human epidemic DENV (23) .
The sylvatic DENV-2 were also broadly similar to their endemic counterparts in terms of overall selective pressure (Table 2) (30). Gene-specific d N /d S ratios presented a picture of strong selective constraints (d N /d S Ͻ Ͻ 1). This was especially true of NS2B, which was found to be far more conserved at nonsynonymous sites in sylvatic DENV-2 than in endemic DENV-2. While no positive selection was detected at any genomic site in sylvatic DENV-2 by the SLAC method, 16 amino acid sites showed evidence of positive selection by REL. These putatively selected codons were unevenly distributed across the DENV genome, being located only in the E gene (2 codon sites), the NS2A gene (1 site), and, most notably, the NS4B gene (13 sites). For all these sites, the functional impor- FIG. 1. Phylogenetic relationships of 14 complete coding regions of sylvatic DENV-2 genomes compared to human isolates of DENV-2 and representatives of DENV-1, DENV-3, and DENV-4. The phylogeny was inferred using an ML procedure, and all horizontal branches are scaled according to the number of substitutions per site. All sylvatic isolates (from DENV-1, DENV-2, and DENV-4) are italicized, and DENV-2 sylvatic isolates are boxed. The genome sequences of the DENV-1 sylvatic isolate P72-1244 and the DENV-4 sylvatic isolate P75-215 were determined in this study. Bootstrap values (Ͼ95%) are shown for key nodes.
tance of the changes observed remains undetermined, and none have previously been shown to exhibit adaptive evolution in DENV (24) . Strikingly, there was no evidence of positive selection on NS4B in endemic DENV-2 strains (Table 2) , and 11 positively selected sites remained in the sylvatic lineage analysis when the divergent sylvatic DENV-2 isolate P8-1407, from Malaysia, was excluded. Notably, no positive selection was detected in the sylvatic lineage at E390, a key virulence determinant (21) that has previously been reported to exhibit positive selection in endemic DENV-2 (24). In the future, reverse genetic techniques may allow the interpretation of the functional importance of these positively selected sites. Of particular interest is the concentration of putative positive selection in NS4B, a gene functioning as an interferon-signaling inhibitor, and the question of whether or not these mutations distinguish endemic and sylvatic DENV phenotypes.
Overall, our data support previous studies that suggest that the recent emergence of all endemic DENV serotypes from sylvatic progenitors occurred concomitantly with the appearance of human populations large enough to support continuous viral transmission (28) . Emergence in humans may also have been facilitated by the accumulation of adaptive mutations enabling DENV to replicate efficiently in the domestic Aedes vectors (13), although later analyses using a larger number and diversity of isolates have not supported this conclusion (K. Hanley, personal communication). Moreover, the ability of domestic Aedes mosquitoes to serve as vectors for sylvatic DENV transmission (5), as well as the lack of evidence that any adaptation of sylvatic DENV is needed for efficient replication in humans (as is demonstrated by the similarity of the mean replication titers of human and sylvatic DENV isolates in two surrogate human model hosts of DENV replication [25] ), suggests that there is a relatively high potential for sylvatic DENV to reemerge in human populations.
Several key issues in the evolutionary ecology of DENV remain unanswered, including the role of other vertebrate hosts in the maintenance of sylvatic DENV, the degree of ecological contact between humans and sylvatic DENV, and the replication and immunological dynamics of sylvatic DENV in nonhuman primates. Our analyses indicate that sylvatic DENV evolves in a manner similar to that of endemic DENV, suggesting that the dynamics of mutation, replication, and selection are broadly equivalent for DENV-2 across its host range.
Nucleotide sequence accession numbers. The genome sequences of the sylvatic DENV-1 isolate P72-1244 and the sylvatic DENV-4 isolate P75-215 have been assigned GenBank accession numbers EF457905 and EF457906, respectively. 
